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Ionophore (18 crown 6)
Potentiometric chemical sensors
ZnO nano-rodsUniformly distributed ZnO nano-rods (NRs) with diameters in nano-scale have been successfully grown
in two stages; the ﬁrst at annealing temperature (250–300 C) for seed layer preparation on glass sub-
strate by using sol gel technique and the second at low temperature (90–95 C) by aqueous chemical
growth (ACG) method. The same prepared thin ﬁlm samples were grown on the surface of silver wire
(0.25 mm in diameters) to produce electrochemical nano-sensors. The structure and the morphology
of the prepared samples will be evaluated using XRD, Scanning electron microscope SEM.
The absorption coefﬁcient (a) and the band gap (Eg) for ZnO NRs thin ﬁlms were determined. (a) was
decreased by increasing the annealing temperature due to the increase of the surface roughness caused
by higher temperature, where the creation of surface roughness gives rise to multi-reﬂections which, cap-
ture the reﬂected radiation and enhance the absorptivity.
We are presenting an iron ion (Fe3+) potentiometric sensor based on functionalized ZnO nano-rods with
selective iono-phore (18 crown 6). Zinc oxide nanorods (NRs) thin ﬁlms with a diameter of about 68 up to
94 nm were grown on silver wire and gold coated glass.
 2013 The Authors Published by Elsevier B V. . . Open access under CC BY-NC-ND license.1. Introduction safe and biocompatible material which is very suitable for sensor/Nano-scale structural materials (e.g. nano-rods, nano-wires,
nano-ﬂower and nano-tubes) have been explored for many biolog-
ical applications due to their novel properties, which are differ
drastically from their bulk material particularly, their high sur-
face/volume ratio, surface tailoring ability, improved solubility,
and multifunctionality open up many new possibilities in biomed-
icine applications [1–6].
Nano-structured metal oxide based semiconductors have re-
cently attracted much attention due to their interesting properties
and potential applications. Metal oxide nano-structured material
with interesting surface charge properties provides a fascinating
platform for interfacing bio recognition elements with transducer
for signal ampliﬁcation. Nano-structured metal oxide has been
found to display appealing nano-morphological, functional, bio-
compatible, non- toxic and catalytic properties. ZnO is one of these
interesting metal oxide based semiconductors with relatively bio-transducer application [7]. It is an important semiconductor mate-
rial due to its wide band-gap (3.37 eV at room temperature), and
has a large excitonic binding energy of 60 MeV. In addition ZnO
has lack of center symmetry, which results in a piezoelectric effect,
by which a mechanical stress/strain can be converted into electri-
cal voltage, and vice verse, owing to the relative displacement of
the cations and anions in the crystal. It is polar semiconductor with
two crystallographic planes with opposite polarity and different
surface relaxation energy, this leads to a higher growth rate along
the C axis. ZnO is an important multifunctional material which has
wide application in telecommunication, emitting diode, optical
wave guide and nanolaser [8–15], gas sensor [16,17], chemical
and biochemical sensors [18,19]. It is an excellent material for sen-
sor application due to its large surface to volume ratio that leads to
enhanced sensitivity, non toxicity, bio-safety, and bio compatibility
[16–19]. All these advantageous properties originated from its un-
ique and basic properties.
The aim of the present work is to grow ZnO nano-rods (NRs) on
the surface of a silver wire (0.25 mm in diameter) to produce elec-
trochemical nano-sensors and present an iron ion (Fe3+) potentio-
metric sensor based on functionalized ZnO (NRs) nano-rods with a
selective iono-phore (18 crown 6). The surface morphology of ZnO
nano-rods thin ﬁlms was detected by using Scanning electron
microscope SEM.
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2.1. Preparation of ZnO nano-rod (NRs) thin ﬁlm
ZnO nano-rod thin ﬁlms were prepared in two stages (seed
solution and nano-rod growth) by using sol–gel and aqueous
chemical growth methods, respectively.
2.1.1. Cleaning of the substrate
Cleaning of the substrate prior to the deposition of ZnO (NRs) is
one of the most paramount procedures to obtain the desired mor-
phology and quality of the material. The substrates were immersed
in ethanol then ultrasonically cleaned for 15 min and dried with
compressed nitrogen blow.
This process helps to remove dust and unwanted chemicals
from the surface of the substrate and provides a clean surface
which can be used for further procedures.
Different solvents and precursors were being used for the prep-
aration of seed solution. A coating seed solution was prepared by
dissolving zinc acetate dehydrate (Zn (CH3COO)22H2O) in mixed
solution of monoethanolamine (NH2CH2CH2OH) MEA and 2-
methoxyethanol at room temperature, however the molar ratio
of MEA to zinc acetate was 1:1. The seed solution was stirred at
50 C for 2 h until yielding a clear and homogeneous solution.
The mixed solutions were aged at room temperature for another
24 h. Then, the solution was coated on a glass substrate by spin
coating with a speed of 3000 rpm for 30 s. The same solution
was coated on the silver wire (0.25 mm in diameter) by a simple
dip coating, to obtain nano-crystalline ZnO (seed layers) on both
surfaces. The coating process was repeated several times and dried
in open air at room temperature and ﬁnally placed in pre-heated
laboratory oven at 250 C for annealing in order to decompose
the zinc acetate dehydrate into ZnO nano-particles. In addition
the seed solution provides a good control on the alignment and
density of the nucleation points that affects the diameter of the
synthesized nano-structures.
2.1.2. Growth of ZnO (NRs) by aqueous chemical growth (ACG) method
After uniformly coating the glass substrate and silver wire with
ZnO prepared by seed layers, ZnO (NRs) was grown on it using
aqueous chemical growth (ACG) method at low temperature. The
growth of ZnO nano-rods was achieved by immersing ZnO seed-
layer in 150 mL of aqueous solution composed of 0.025 M zinc ni-
trate (Zn (NO3)2) and 0.025 M hexamethylenetetramine (HMT,
C6H12N4) in a conventional ﬂask. The reaction temperature was
kept at 90–95 C for 3–6 h. The position of the substrate inside
the solution greatly affects the growth process; however, generally
the substrate is placed in the solution with the face toward the bot-
tom of the beaker. Finally, the substrate was removed from the
solution, then immediately rinsed with de-ionized water to re-
move any residual salt from the surface, and dried in air at room
temperature. The resulting ZnO (NRs) structure was characterized
by X-ray diffraction (XRD), scanning electron microscope (SEM)
and atomic force microscope (AFM) for crystallinity and surface
morphology, respectively.
2.1.3. Cover ZnO(NRs) with ionophore membrane
For extracellular iron ions measurements, the ZnO (NRs) on the
silver wire was coated with a thin layer of ionophore membrane by
a manual procedure. The ionophore membrane was prepared by
the following composition, 18- crown- 6(18CE6) [Fluka], it was
used for iron ion selectivity, while Dioctyl phenylphosphonate
(DOPP) [Aldrich] was used as the plasticizer. Polyvinylchloride
(PVC) [Fluka] was used as the membrane matrix and tetrahydrofu-
ran (THF) [Fluka] was used as solvent.After preparing the ionophore solution, the ZnO- coated silver
wire was dipped two times in it for 5 min until a thin ﬁlm of the
membrane was attached to the surface of the ZnO coated silver
wire and then dryed it for 1–2 h at room temperature. Generally
all the sensors were kept at 4 C when not in use. The proposed
Fe3+ sensors were used as working electrodes for the potentiomet-
ric measurements in an electrolytic solution of ferric chloride
(FeCl3) with a concentration ranging from 106 M up to 102 M.
Ag/AgCl was acting as a reference electrode. The output voltage
of this experiment for each concentration of ferric chloride solution
was recorded by using a pH meter (model 3510 Metrohm).2.2. Characterization techniques
X-ray diffraction (XRD) patterns were recorded by using a Phi-
lips X-ray diffractometer using monochromatic CuKa1 radiation
of wavelength k = 1.5418 Å from a ﬁxed source operated at 40 kV
and 30 mA. The crystallite size (G) is determined from the Scher-
rer’s equation G = Kk/D cos(h), where K is the Scherer constant
(0.9), k is the wavelength and D is the full width (in radians) of
the peak at half maximum (FWHM) intensity.
The coarse and ﬁne microstructures and the morphology of all
the ZnO NRs were depicted by using JEOL JSM-63o1F scanning
electron microscope (SEM). The SEM gives information on the sur-
face morphology of the sample, which can help us check whether
growth has taken place or not. The SEM produced 2 D image and
reveals topographic ﬁlature of the sample, which allows us to
examine the diameter, length, shape and density of the ZnO NRs.
The correction of the measured FWHM Ds. for a sample peak
was made to accommodate systemic instrumental broadening
and utilized peak widths Dq measured from a diffraction scan, ta-
ken under identical conditions, from a strain-free powdered quartz
sample, with crystallite sizes ranging between 5 and 10 lm. The
corrected sample peak widths were calculated as D = (Ds2 –Dq2)1/
2 Micro-strain and crystallite size contributions to D were sepa-
rated using the Win-Fit program, using standard samples for the
estimation of instrumental broadening. The ﬁnal sample crystallite
sizes G were obtained by Fourier analysis, using the corrected pro-
ﬁle. The diffraction peak used was the most intense diffraction
peak, assigned to the (002) reﬂection from the ZnO thin ﬁlm.
The coarse and ﬁne microstructures of the prepared samples
were depicted by Field Emission Scanning electron microscope
(FESEM).3. Results and discussion
3.1. X - Ray diffraction (XRD)
The crystal structure of ZnO (NRs) thin ﬁlms were identiﬁed by
X ray diffraction (XRD). XRD was performed on ZnO ﬁlm both be-
fore and after the formation of nano-rods.
X-rays diffraction patterns shown in Fig. 1(a) of seed layer an-
nealed at 250 C and (b) of thin ﬁlms annealed at 250 and 300 C,
respectively. The ﬁgures endorsed the growth orientations and
crystal structure of ZnO (NRs) thin ﬁlms by revealing emission
peaks at 2 theta equal to 32, 34.5, 36.5, 47 and 56.6, corresponding
to (100), (002), (101), (102), (110), (103) and (112) orientations,
respectively. However no diffraction peaks of other impurities
were detected, which testify that the substance deposited on the
substrate only belongs to ZnO. All diffraction peaks can be indexed
to ZnO with the hexagonal wurtzite structure, in comparison with
the standard card of bulk ZnO with a hexagonal structure, which
corresponds to Card number [01-089-1397].
Fig. 1(a) shows the nano-structured ZnO thin ﬁlm as a seed
layer prior to the nano-rods growth. While in Fig. 1(b) of (NRs)
Fig. 1. (a) XRD of ZnO nano-particles (seed layer) prepared by spin coating sol gel
method, annealed at 250 C. (b) XRD of ZnO (NRs) prepared at two different
temperatures 250 and 300 C for the seed layer as a base, then grown at (90–95 C)
by the (ACG) method.
Fig. 2. Typical scanning electron microscopy (SEM) images of ZnO (NRs) grown on
glass substrate, the inset is for higher magniﬁcation to show the cross sectional
view for hexaganol structures, with diameters of 60–95 nm.
Fig. 3. (a and b); Typical scanning electron microscopy (SEM) images of ZnO (NRs)
grown on silver wire (0.25 mm in diameter) with different magniﬁcation before
coating with an iron membrane, using the low temperature (ACG) method. The
nano-rods are 60–95 nm in diameter.
48 H.A. Wahab et al. / Results in Physics 3 (2013) 46–51ZnO thin ﬁlm, stronger and sharper diffraction peaks due to the in-
crease in ﬁlm thickness corresponding to the (002) crystal plane of
ZnO as the principle peak and all other peaks indicated that the ori-
entation growth of nano-rods along the C-axis direction of the ZnO
crystal is perpendicular to the substrate. The full width at half
maximum of (002) peak was used for the calculation of the crys-
tallite sizes, which gives the following value of 28 nm for thin ﬁlm
NRs heated at 250 C.Fig. 4. Typical scanning electron microscopy (SEM) images of ZnO (NRs) grown on
silver wire (0.25 mm in diameter) after coating with an iron membrane, using the
low temperature (ACG) method.3.2. Scanning electron microscope (SEM)
The surface morphology, dimensionality and density of the ZnO
(NRs) thin ﬁlms were investigated by Field Emission Scanning elec-
tron microscope (FESEM) as shown in Figs. 2–4. Fig. 2 shows a pan-
oramic view of the ZnO (NRs) grown on a glass substrate covering
the whole area with uniform density, smoothness of the top sur-
face, equal length and vertically aligned along the C-axis (perpen-
dicular to the substrate), which corresponds well with the obtained
result from XRD. It is distributed uniformly with an average diam-
eter of 60–95 nm. ZnO (NRs) have a rod-like shape with hexagonal
cross section (see Upper inset in Fig. 2).
The morphological and structural information about the ZnO
(NRs), prior and after coating with the iron membrane, was ob-
tained by SEM. Fig. 3(a) is a low magniﬁcation ZnO (NRs) SEM im-
age of ZnO (NRs) grown on a silver wire before coating with theiron membrane. It can be seen that the entire Ag wire is covered
with ZnO (NRs) with uniform density along the near perpendicular
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image in Fig. 3(b) displays the hexagonal shape and was found to
be vertically aligned and distributed uniformly with an average
diameter of 60–95 nm. Fig. 4 is of a typical scanning electron
microscopy (SEM) image of ZnO (NRs) grown on a silver wire
(0.25 mm in diameter) after coating with an iron membrane, it re-
veals that the morphology of the ZnO (NRs) was affected by iron
measurement. The hexagonal shape of the nano-rods was eventu-
ally lost with the reduction in the diameter and length which could
be the result of possible participation of the oxygen from ZnO
(NRs) in the proposed chemical reaction.Fig. 6. The absorption coefﬁcient (a) of ZnO (NRs) prepared at two differen
temperature (a) 250 and (b) 300 C by (ACG).3.3. Optical properties of the ZnO nanorod thin ﬁlms
Fig. 5 shows the absorbance spectrum of the aligned ZnO nano-
rod thin ﬁlm. The absorbance spectrum of the aligned ZnO nano-
rod thin ﬁlm indicated that it has high UV absorbance properties
at wavelengths below 400 nm. The sharp absorption edge observed
around 380 nm for the ﬁlm annealed at 250 C was decreased by
increasing the temperature up to 300 C. It corresponded to the di-
rect transition of electrons between the edges of the valance band
and the conduction band.
The normal reﬂectance and transmission measurements were
given for the prepared ZnO NRs thin ﬁlms. The absorption coefﬁ-
cient (a) and the band gap (Eg) for ZnO NRs thin ﬁlms were deter-
mined and (a) can be calculated by a simple method from
transmittance spectra using the following relation; T = exp
[a(k)d], where T is the optical transmittance and d is the thick-
ness of the ZnO ﬁlm. At short wavelengths, a steep decrease oc-
curred in the absorption coefﬁcient around the absorption edgeFig. 5. The absorbance of the ZnO (NRs) prepared at two different temperature (a)
250 and (b) 300 C prepared by ACG.
Fig. 7. (ahm)2 as a function of photon energy for the ZnO nanorod thin ﬁlms
annealed at two different temperatures at 250 and 300 C, respectively.t(at Eg), while it was decreased by increasing the annealing temper-
ature as shown in Fig. 6. This decrease might be due to the increase
of the surface roughness caused by higher temperature. This result
is in agreement with the results of Boer [20] who suggested that
the creation of surface roughness gives rise to multireﬂections
which, capture the reﬂected radiation and enhance the
absorptivity.
The optical energy band gap Eg was related to the absorption
coefﬁcient in accordance with the equation (a hm) = A(hmEg)p as
shown in Fig. 7. Where A is a constant, h is the Plank’s constant
and P is a constant that depends on the type of the electronic tran-
sitions. For allowed direct transition P is equal to 1/2. However P
may also be equal to 3/2 for forbidden direct transition, 2 for indi-
rect allowed transition and 3 for indirect forbidden transitions. It is
well known that ZnO is a direct band gap semiconductor with a
hexagonal wurtzite crystal structure, and has a wide band gap of
3.37 eV and a large exciton binding energy of 60 MeV [1–6].
We assume the absorption coefﬁcient a = (1/d)ln(1/T), where T
is the transmittance and d is the ﬁlm thickness.
Therefore the optical band gap was obtained by plotting (ahm)2
as a function of photon energy (hm). Typical plots of (ahm) 2 as a
function of (hm) for ZnO NRs thin ﬁlms were fabricated by both
sol–gel and ACG methods and annealed at two different tempera-
tures at 250 and 300 C, respectively as shown in Fig. 7. The inter-
cept of the extrapolation to zero absorption with photon energy
axis gave the values of the direct energy gap Eg. It is clear from
Fig. 8. Calibration curve showing the electrochemical potential difference, for the
ZnO (NRs) as potentiometric electrode with Ag/AgCl reference electrode versus
Logarithmic concentration range for Fe3+ change for buffer solution.
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the temperature, which indicated a decrease in the band gap. It can
be seen that the optical band gap exhibits a slight blue shift by
increasing the temperature. This shift may be attributed to the
changes of the quality of the ﬁlms by increasing the annealing tem-
perature. While increasing the annealing temperature, the stoichi-
ometry of the ZnO NRs thin ﬁlms is improved. i.e. the defect
number decreases.
The obtained results indicated that the energy band gap of ZnO
Nanorods thin ﬁlm, prepared by sol–gel technique and ACG is
3.666 and 3.708 eV for thin ﬁlm heated at 250 and 300 C,
respectively.
These results indicated that the energy band gap was shifted
upward in energy from 3.666 to 3.708 eV by decreasing the diam-
eter of the nano-rods from 95nm up to 68 nm as a result of increas-
ing the annealing temperature as obtained from SEM. It is known
that the energy band gap of the ZnO thin ﬁlm could be affected
by the residual strain defects and grain size conﬁnement [21].3.4. Zinc oxide nano-rods with ionophore-membrane coating as an
extracellular Fe3+ selective sensor
We used our sample to study iron ion selectivity of ZnO (NRs)
sensors using ionophore membrane coatings. The potentiometric
response of the Fe3+ ions was studied in aqueous solutions of FeCl3
with concentration ranging from 106 M to 102 M. The electro-
chemical cell voltage (electromotive force) changes when the com-
position of the test electrolyte was changed. These changes can be
related to the concentration of ions in the test solution via a cali-
bration procedure. The construction of the cell potential of the
developed Fe3+ sensor presented here can be shown in the diagram
below:
Agðsilver wireÞjZnOjmembranejtesting solutionkCl jAgCljAg
The cell voltage is a function of the concentration of the testing
electrolyte solution. This means that the voltage changes due to
the change in the concentration of the iron ion in the testing solu-
tion. We checked the response of the functionalized ZnO Fe3+ elec-
trode in 106 M to 102 M, and observed that the Fe3+ sensor
showed a very stable output voltage for this concentration range.
We added 2 ml of 101 M of KNO3 solution in each testing ferric
chloride solution in order to adjust the ionic concentration inside
the solution. Fig. 8, shows the calibration curve of the logarithm
concentration of Fe3+ versus the output voltage response. The pro-
posed iron ion sensor has shown good linearity for a wide concen-
tration range from 106 M to 102 M of iron ions [22]. The resultsshow that the electrode is highly sensitive to iron ions with a slope
of around 70.12 ± 2.81 mV/decade with a regression coefﬁcient
R2 = 0.952.4. Conclusion
The sol gel and Aqueous chemical growth methods were suc-
cessfully used in preparing the two steps of the ZnO (NRs) thin
ﬁlms with a wurtzite hexagonal structure as revealed from XRD
analysis. The ZnO (NRs) grown on glass substrate and silver wire
were found to be vertically aligned and distributed uniformly with
an average diameter of (60–95 nm).
The absorption coefﬁcient (a) and the band gap (Eg) for ZnO NRs
thin ﬁlms were determined. The energy band gap was shifted up-
ward in energy from 3.666 to 3.708 eV by decreasing the diameter
of nano-rods from 95nm up to 68 nm as a result of increasing the
annealing temperature of the seed layers as obtained from SEM.
The potentiometric response of the Fe3+ ions was studied in
aqueous solutions of FeCl3 with concentration ranging from
106 M to 102 M. The presented iron bio- sensor based on ZnO
(NRs) on Ag wire provides substantial advantage due to its smaller
size, cost efﬁciency and ease of fabrication. We used our sample to
study iron ion selectivity of ZnO (NRs) sensors using ionophore
membrane coatings. The proposed iron ion sensor has shown good
linearity for a wide concentration range from 106 M to 102 M of
iron ions. The results show that the electrode is highly sensitive to
iron ions with a slope of around 70.12 ± 2.81 mV/decade with a
regression coefﬁcient R2 = 0.952.References
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